The effect of tin (Sn) addition on the glass forming ability (GFA) and mechanical properties of the Ni-Nb-Zr ternary alloy system has been studied. The addition of Sn improves the GFA; Ni 61 Nb 35.5-x Zr 3.5 Sn x (in at.%) alloys with x=1 can be cast into amorphous samples at least 3 mm in diameter using a copper mold injection-casting method. The critical size for glass formation decreases to 2 mm when x=5 because Ni 2 SnZr phase precipitates readily. The addition of Sn is also effective in enhancing the stability of the supercooled liquid; a maximum supercooled liquid region of 48 K was attained for the Ni 61 Nb 30.5 Zr 3.5 Sn 5 alloy. Compression tests reveal that the Ni 61 Nb 33.5 Zr 3.5 Sn 2 alloy possesses the best mechanical properties, with yield strength ~3180 MPa, fracture strength ~3390 MPa and plastic strain ~1.3%. The fracture surfaces examined by scanning electron microscopy indicate that the alloys have a transition from ductility to brittleness in fracture behavior. The combination of high GFA, high thermal stability, high strength and compressive plasticity makes these alloys potentially attractive for engineering applications. Bulk metallic glasses (BMGs) have attracted much attention from scientists and engineers over the past few decades, since they possess such promising properties as high yield strength, hardness and elastic strain limit, along with relatively high fracture toughness, fatigue resistance and corrosion resistance [1] [2] [3] . In the case of Ni-based alloys, glassy rods up to several millimeters in diameter have been successfully fabricated from many alloy systems, such as
Bulk metallic glasses (BMGs) have attracted much attention from scientists and engineers over the past few decades, since they possess such promising properties as high yield strength, hardness and elastic strain limit, along with relatively high fracture toughness, fatigue resistance and corrosion resistance [1] [2] [3] . In the case of Ni-based alloys, glassy rods up to several millimeters in diameter have been successfully fabricated from many alloy systems, such as Ni-Nb-Cr-Mo-P-B [4] , Ni-Zr-Ti-(Si,Sn) [5] , Ni-Cu-Ti-ZrAl [6] , Ni-Nb-Zr [7] , Ni-Nb-Sn [8] , etc. These Ni-based bulk metallic glassy alloys have been reported to exhibit high strength (ranging up to 3000 MPa), high thermal stability (glass transition temperature generally around 880 K) [9, 10] , and excellent corrosion resistance [11] . The combination of superior properties enables them to have promising applications as engineering materials, such as for pressure sensors and micro-geared motors [12] . However, the achievement of a higher GFA for Ni-based amorphous alloys is still a challenging subject. So far the maximum dimension of Ni-based metallic glassy samples without noble elements is only 5 mm, which is much lower than that for other alloy systems, such as Zr-, Mg-, Ti-, Cu-, or Fe-based BMGs. Furthermore, most of the Ni-based BMGs exhibit a narrow supercooled liquid region (less than 40 K), which is not sufficient for processing. Thus, the development of new Ni-based BMGs with higher GFA as well as wide supercooled liquid region is of great importance.
It was reported that BMG samples up to 3 mm were fabricated in the Ni-Nb-Sn [8] and Ni-Nb-Zr [13] alloy systems. The composition regions for glass formation in these simple ternary systems are located in the range of Ni 60 Nb 40-x Sn x (3<x<9) and Ni 61.5 Nb 38.5-x Zr x (0<x<9), respectively. The atomic radii of Sn (0.162 nm) and Zr (0.160 nm) are nearly equivalent. The mixing enthalpies between the constituent elements are negative: 30, 49, 4 and 43 kJ/mol for Ni-Nb, Ni-Zr, Ni-Sn and Zr-Sn pairs, respectively [14] .
According to Inoue's empirical rules for glass formation, it is reasonable to predict that the Ni-Nb-Zr-Sn quaternary system will exhibit high GFA. Actually, it has been reported that Sn could not only increase the GFA but also enhance the compression plasticity of some Cu- [15] and Ti-based BMGs [16, 17] . In this paper, the effects of Sn addition on the GFA and mechanical properties of Ni-Nb-Zr alloys were systemically investigated.
Experimental
Alloy ingots with nominal compositions of Ni 61 Nb 35.5−x Zr 3.5 Sn x (x=0, 1, 2, 3, 4, 5, 6, 7 at.%) were prepared by arc melting a mixture of ultrasonically cleansed Ni, Nb, Zr and Sn elements with a purity of above 99.9% on a water-cooled Cu hearth under a Ti-gettered, high-purity argon atmosphere. Chemical homogeneity was ensured by repeated melting at least four times. The ingots were then remelted under high vacuum in a quartz tube by an induction heating coil and were injected through a nozzle with a diameter of 0.5-1 mm into a Cu mold to produce cylindrical samples 2-4 mm in diameter and 60 mm long. The structure was characterized by X-ray diffraction (XRD, Philips PW1050, Cu Kα). The thermal properties associated with the glass transition, crystallization and melting behaviors were studied by differential scanning calorimetry (DSC, Netzsch DSC 404C) at a heating rate of 20 K/min. Mechanical properties were measured using samples 2 mm in diameter and 4 mm long on a materials testing system (INSTRON5582). An MTS strain gauge was used to perform compression tests under a constant strain rate of 2×10 4 s 1 . The fracture surfaces and master alloy ingots were examined by scanning electron microscopy (SEM, Hitachi S3400N).
Results
Figure 1(a) shows the XRD patterns taken from the cross section of the as-cast Ni 61 Nb 35.5−x Zr 3.5 Sn x (x = 0, 1, 3, 5, 7 at.%) alloy rods with diameters of 2 mm. When x varies from 0 to 5, the as-cast 2 mm diameter samples display only a series of diffuse maxima around 2θ=42°, and no clear diffraction patterns corresponding to crystalline phases are seen, indicating these samples are almost amorphous. When x=7, the XRD pattern of the 2 mm diameter as-cast rod exhibits apparent crystalline Bragg peaks, which are as attributed to NiNb, NiNb 3 and Ni 2 SnZr phases. Figure 1( the GFA of these alloys. Figure 2 shows the high-temperature DSC profiles obtained from the as-cast glassy Ni 61 Nb 35.5−x Zr 3.5 Sn x (x=0, 1, 2, 3, 4, 5 at.%) alloy rods with diameters of 2 mm at a heating rate of 0.33 K/s under argon flow, showing the glass transition, crystallization and melting behaviors. All the alloys show clear glass transitions at the temperatures marked with arrows, followed by a super-cooled liquid region and crystallization, as shown in Figure 2 (a). It is interesting to note that the two sub-peaks on the first crystallization peak when x=0, 1, 2 converge into one main peak when x3, and a third tiny peak appears around 1200 K when x4. The T g decreases slightly from 891 to 886 K while T x and T l increase gradually from 920 to 934 K and 1488 to 1505 K, respectively, with increasing Sn content. The temperature interval for the supercooled liquid region, ∆T x = T x −T g , also increases from 28 K when x=0 to 48 K when x=5. The thermal parameters are listed in Table 1 , where T rg [18] is the reduced glass transition temperature, defined by the ratio of the T g to the melting temperature T l , and γ [19] is defined as T x /(T g + T l ). Although γ is thought to have a strong correlation with the GFA, no correlation is seen here. However, T rg may be a better criterion for evaluating the GFA in the present alloy system. Figure 3 shows the nominal compressive stress-strain curves of the as-cast 2 mm diameter BMG samples of the Ni 61 Nb 35.5−x Zr 3.5 Sn x (x=0, 1, 2, 3, 4 at.%) alloys. It is seen that for x=1 or 2, BMG samples display elastic deformation up to a strain of about 2.5% and an extremely high yield stress of about 3180 MPa, followed by some plastic deformation prior to ultimate fracture. The final stage of plastic deformation appears as a serrated fluctuation feature, which is also typical for BMGs. This phenomenon has been explained by the motion of localized shear bands formed under uniaxial compression [20] . At x=2, the fracture strength reaches a maximum value of about 3390 MPa, along with a plastic strain of about 1.3%. However, no obvious plasticity could be observed for alloys with x=3 and x=4, which is quite similar to the premature failure previously reported for Ni-Nb-Sn BMGs [21] . The fracture strengths for these five alloys shown are 3300, 3340, 3390, 3100 and 2580 MPa, respectively. Figure 4 shows the fractographic morphologies of the (Figure 4(b) ), which are typical in fracture morphologies of glassy alloys, are observed. Significant development of vein patterns confirms plastic flow before failure. In addition, localized melting and protruded viscous flow (Figure 4(c) ) along the fracture surface are observed, indicating a significant rise in temperature during final fracture [22, 23] . However, the deformation behaviors observed for the x=3, 4 alloys are very different from those with x=1, 2. Flat facets and flutes with fatal cracks are observed on the fracture surface, as shown in Figure 4 (d); these are generally features of brittle materials such as Mg-and Fe-based BMGs [24] . It can be concluded that the alloys have a transition from ductility to brittleness when the Sn content increases from 2 to 3 at.%. Similar observations have also been reported in TiCuZrNiSn [16] and TiZrCuPdSn [17] alloy systems. Figure 5 shows the backscattered SEM images of master alloy ingots of the Ni 61 Nb 35.5x Zr 3.5 Sn x (x=0, 1, 2, 4, 7) alloy series. As indicated in Figure 5(a) , the structure of the Ni 61 Nb 35.5 Zr 3.5 alloy is off-eutectic, with the long thin lathy bars as primary dendrites and the residual eutectic phases. From the phase diagram and the XRD analysis we determined that the lathy dendrites are Ni 3 Nb phase and the residual eutectic comprises Ni 3 Nb and NiNb phases. Table 2 .
Discussion
As shown in Table 1 , the supercooled liquid region is greatly increased with Sn addition, because of the slight decrease of T g and increase of T x . The GFA reaches a maximum at 1 at.% Sn addition, while further Sn additions reduce the GFA. The large atomic size differences between Ni (0.123 nm) and Nb, Zr or Sn (0.143, 0.160 and 0.162 nm, respectively) can produce an efficiently packed local structure, which is often associated with low energy and high viscosity of liquids [25] . Moreover, the mixing enthalpies of Ni-Nb, Ni-Zr, Ni-Sn, Nb-Sn, Nb-Zr and Zr-Sn pairs are 30, 49, 4, 1, 4 and 43 kJ/mol, respectively. This shows that the bonding between Ni-Zr, Zr-Sn and Ni-Nb pairs is stronger than that between Ni-Sn, Nb-Zr and Nb-Sn, implying that Ni and Zr as well as the large atoms Zr and Sn have a tendency to cluster, which would make inter-atomic diffusion difficult. This would enhance the stability of the supercooled liquid, inducing the increase in T x and ∆T x . After a careful comparison between Figure 5 (a) and (b), it can be deduced that the primary Ni 3 Nb phase is refined and the formation of residual eutectic phase is greatly hindered by the substitution of 1 at. (Table 2) , respectively. The growth of primary Ni 3 Nb phase requires diffusion of Sn element from the solid-liquid interface, which would reduce the growth rate and result in enrichment of Sn element in the undercooled melt. The subsequent eutectic solidification process would also be hampered since the cooperative growth of eutectic structure requires diffusion and redistribution of Sn element between different phases. For excessive Sn addition (x>1), the solidification of Ni 3 Nb phase would result in great enrichment of Sn element in some local areas, causing easy precipitation of Ni 2 SnZr phase at these sites, as illustrated in Figure 5(d) . Furthermore, the rapid increase of liquidus temperatures with Sn addition may also play a dominant role in the deterioration of the GFA [26] . Therefore, the Ni 61 Nb 34.5 Zr 3.5 Sn 1 alloy possesses the best GFA. As also found in other studies [16, 17] , we have noticed that proper Sn addition could significantly improve the compression plasticity of the alloys. It has been widely accepted that the plasticity of BMGs depends on the generation of multiple shear bands. Structural inhomogeneities, such as nanocrystals, medium-range ordering, and phase separation, can be considered to induce the initiation and propagation of shear bands [27, 28] . As pointed out in reference [29] , a large difference in enthalpy of mixing between atom pairs in the multi-component Ni-Nb-Zr-Sn alloys may promote structures that differ greatly from a homogeneous atomic arrangement, causing atomic-scale structural inhomogeneity and/or locally favored structures. The atomic-scale chemical ordering can improve the local packing density and hinder long-range diffusion of atoms [30] . As a consequence, appropriate addition of Sn could simultaneously improve the glass forming ability and compressive plasticity. However, when more than 2 at.% Sn is added, the compressive deformation behavior changes abruptly [31] , transforming from ductility to brittleness, as exemplified in Figure 3 . Zhang et al. [32] have observed that the plasticity of BMGs in the Zr-Cu-Al and Hf-Ni-Al alloy systems depends on composition, and ascribed the ductile-to-brittle transition to the composition-dependent internal structures that influence shear transformation and shear localization behavior under loading. Actually, the atomic-level structure of Ni-Nb-Zr alloys is changed significantly with addition of Sn, as can be deduced from the distinct evolution of the DSC profiles [33] in Figure 2 . Therefore, we presume that excessive Sn addition may facilitate the formation of structural inhomogeneities or atomic-level ordering, and hinder the generation of shear transformation events [34] . Thus, the plastic strain is confined to a few shear bands, causing catastrophic brittle failure. 
Conclusions

